Acid Rock Drainage (ARD) generated from oxidation of sulphide-bearing mine waste is one of the main pollution problems associated with mining activities. Dry cover and water cover are normally used methods to prevent the formation of ARD. However, in the Arctic region, the harsh cold climate, the vulnerability of ecosystems and the drastic climate change make the waste management methods different from other non-Arctic regions. This paper reviewed several successful case studies of dry cover and water cover applications with industrial rest products and further discussed the possibilities and challenges of using industrial rest products to manage mine waste in the Arctic region.
Introduction
The rise in prices for metals and minerals since 2003 has led to increased mineral production in several parts of the world, especially the Arctic regions. The polar mining boom is heating up as climate change makes new areas and sea routes accessible. The extraction of metals and minerals can affect the natural environment to a significant extent both while active and after operations have ceased. Large amounts of waste rock and tailings are produced during resource extraction. It is estimated that more than 90% of the extracted materials will become waste. A feasibility study in Sweden [1] demonstrated that within 10-20 years the planned mines in Norrbotten area will alone produce 100M tons of tailings per year and almost similar amount of waste rock.
Acid Rock Drainage (ARD) from oxidation of sulphide-bearing mine waste is one of the main pollution problems associated with mining activities. When the sulphide-bearing waste exposes to oxygen and water, it will start to oxidize and form ARD. As far as the oxidation process starts, it can last for hundreds or even thousands of years. ARD has low pH and high concentrations of SO4 2- , heavy metals and metalloids, which may have detrimental effects on the surrounding environments [2] . The leaching of contaminants from waste deposition facilities will significantly degrade the environment, and the contaminants will further transport through the environmental medium to the ecosystem and the human beings living in the area in the long-term [3] . Therefore, such waste has to be carefully disposed to prevent or reduce the oxidation process.
In Arctic regions, the harsh cold climate, the vulnerability of ecosystems and the drastic climate change make the waste management methods different from other non-Arctic regions [4] . Slow mass and energy exchange in ecosystems of high latitudes, makes trophic chains short, and biodiversity low, which causes rapid migration of pollutants through trophic levels and results in fast and severe ecosystem damages [5] . In addition, the low calcium concentrations in the Arctic lakes make organisms more vulnerable to toxins [5] , which is a limiting factor for the management of mine waste. The differences between the polar regions and the rest of the world will affect the remediation strategies and approaches to the contaminated site significantly.
ARD from oxidation of sulphide bearing mine waste has to be prevented or treated. To prevent the formation of ARD from mine waste deposition facilities, two commonly used techniques are dry cover and water cover, i.e. to put a layer of solid or water above the mine waste to prevent the infiltration of oxygen or water, and thus prevent the formation of ARD [6] . In recent years, research has been focusing on using alkaline or organic industrial rest products together with water cover or dry cover technique to mitigate the ARD problem. The use of rest products from other industries to mitigate mine waste problem is preferred technique because it can solve two waste problems at the same time. This paper reviewed several successful case studies of water cover and dry cover together with industrial rest products and discussed the possibilities and challenges of using industrial rest products to manage mine waste in the Arctic region.
Methodology

Dry cover
Dry covers are typically earthen, organic, or synthetic materials placed over mine waste [6] . The primary purpose of placing dry covers over reactive waste material is to minimize ARD and metal-rich leachate production and its transport [6] .
Tailings Sealing layer
Protective layer Through the MEND (Mine Environment Neutral Drainage) program in Canada, a significant amount of information has been generated about the design and use of dry covers for the prevention of sulphide oxidation [7] .
Dry cover has been studied extensively in laboratory, pilot and field scale at real mine sites. Dry cover system usually contains a sealing layer with low hydraulic conductivity and high water holding capacity to decrease the oxygen and water intrusion into the waste. A protective layer is applied above the sealing layer to resist root penetration, freeze/thaw effects, drying etc. When functioning as planned, dry covers can slow sulphide oxidation to an acceptable rate ( Figure 1 ). In recent years, studies have been focusing on the use of alternative materials such as industrial and municipal waste for mine waste remediation, which could solve two waste problems at the same time. The application of incineration ashes, waste from wood and paper industry and other industries, sewage sludge, steel slag and combinations of these materials for construction of sealing layers and for other applications in mine waste remediation have been investigated [8] [9] [10] . Using various types of materials as dry covers on mine waste has been successfully applied at many sites throughout the world [11, 12] . Several case studies of using industrial rest products such as sewage sludge, green liquor dregs, fly ash, paper mill sludge, steel slag to mitigate mine waste contamination have proved to be successful in laboratory or field scale [10, 13] .
Green Liquor Dregs (GLD) from paper mills as dry cover
Green Liquor Dregs (GLD) is a residual product from sulphate paper mills. GLD has desirable properties to be used as a sealing layer in cover system and maintain its effectiveness in the long term. Table 1 lists the properties of GLD and several successful case studies in laboratory and pilot scale tests.
The long term application potential of GLD is also investigated [9, 17] . The results showed that the GLD's buffering capacity is high and can last for a long time [17] . According to the calculation from leaching experiments, a 30 cm thick GLD sealing layer with a hydraulic conductivity of 1E-08 m/s would retain its buffering capabilities for more than 200,000 years [9] . Therefore, GLD is a good cover material that can be used in large scale in the field and effective in the longterm. Admixtures of GLD with till, tailings, fly ash and bark sludge [15, 16] 
Fly ash and sludge from paper mills as dry cover
The potential to use alkaline fly ash from paper mills as a cover material on mine waste is tested in laboratory batch leaching tests and field scale and showed positive results [18] . The efficiency of using fly ash and sludge from paper mills as dry cover over mine tailings was geochemically evaluated at four ten years' old test areas at Garpenberg mine, Sweden [10] . Significant reduction in oxidation rates and leaching of elements from tailings was observed in the profiles with fly ash and sludge cover [10] .
Sewage sludge for mine waste mitigation
The possibility to use sewage sludge from wastewater treatment for mine waste remediation is investigated in pilot and field-scale at the Kristineberg mine, northern Sweden [19] . The effectiveness of sewage sludge as a sealing layer over sulphide mine waste was evaluated. Data on tailings, leachate water and pore gas geochemistry during eight years from two experimental pilot-scale test cells revealed that the sludge was an effective barrier to oxygen influx [8] . The sulphide oxidation and ARD formation was prevented effectively. The sewage sludge can be effectively utilized as an alternative cover material both as a sealing layer and as a final vegetation substrate within the study periods.
Fly ash from energy production
Fly ash is produced from burning of fuels and other materials for energy production. The ash products (fly ash, fluidized bed ash) were excellent buffering materials and had great potential in improving the quality of acidic water. Petrik et al. [20] reported that neutralization of various sources of acid mine water with fly ash or fly ash leachate was possible. The application of fly ash can attenuate the oxidation of mine waste. The acidity production life of a sulfide-rich mining waste is much higher than the alkalinity production life of any reactive material. The ideal treatment for ARD would suggest the use of techniques that passivate the sulfide surface, and therefore cancel its reactivity [21] . Fly ash can attenuate the oxidation process by forming Fe coatings over pyrite grains at alkaline pH that impede interaction with oxidizing agents [21] . Perez-López et al. [22] examined the processes controlling the oxidation attenuation of a pyritic rich sludge by the buffering capacity of a fly ash using saturated column experiment.
Fly ash can be used as a sealing layer in mine waste mitigation. Formation of hardpan in the contact zone between an alkaline substance and an acid producing waste has been described by many authors (Figure 2) [23] . A hardpan reduces the extent of wind and water erosion at the tailings surface, limiting dust dispersion [24] . Many ash materials have cementitious properties when allowed to react with moderate amount of water [25] . Mixing fly ash with mine waste may result in a reduction of permeability, thus hinder the oxidation of mine waste [26] . 
Water cover
Concentration of dissolved oxygen in water is significantly lower than that in the atmosphere (approximately 30 times less than in the atmosphere). Disposal of acid generating materials below a water cover is one of the most effective methods for limiting ARD generation [6] .
Due to increasing amounts of mine waste generated annually, and the environmental and social issues surrounding disposal on land, mining companies are seeking alternative methods of disposal. Deep-sea mine tailings placement (DSTP) is an alternative to land-based mine-waste disposal options, and is currently practiced by several mines worldwide (http://www.srsl.com/mining/ deep-sea-mine-tailings-placement-dtsp).
Currently submarine tailings disposal method is only used at five countries. This method is not on the EU's best available technology list. This waste management got a lot of controversial due to its potential impact on the aquaculture and seafood export industry, and tourism around the disposing areas. The mining activity and submarine disposal of mine waste in the Arctic has longterm effects on the ecosystem in the receiving environment. The metal contamination was still detected in seaweeds and blue mussels near the former Black Angel Pb-Zn mine in Maarmorilik, West Greenland after two decades of mine closure [27] . Discernible environmental impacts was found up to 10 km from the tailings discharge point and significant biological effects on blue mussel have been detected in the recipient up to 3km from the tailings disposal point in 2015 [28] . Thus, this management method should be fully investigated before its full application.
Use of rest products in water cover
To reduce the environmental impact from submarine tailings deposition, a thin layer at the water-tailings interface (<1mm) known as the diffusive boundary layer is applied [29] . The application of this thin layer showed to be effective at limiting oxygen diffusion through the tailings in several case studies [30, 31] . Using rest products from other industries as an underwater cover material was investigated in several studies to reduce the negative environmental impact from underwater storage of tailings. The potential suitability of digested sewage sludge as an underwater cover for mine waste tailings, and the degradability of sludge at 20-22°C under flooded anaerobic conditions was evaluated during an incubation time of 230 days [31] . Low biodegradability and low leaching of elements from the sludge was observed [31] . The addition of organic carbon to tailings was investigated to improve the colonization of ecosystem and proved to be effective [32] . Thin-layer caps with activated carbon in Trondheim harbor, Norway were tested at in situ experimental plots and showed high efficiency in reducing the leaching of contaminates into the pore water and thus reduced bioaccumulation of contaminants in marine sediment fauna [33] . The ecosystem effects of thin-layer capping of contaminated sediments were tested in a mesocosm experiment on 9 different capping materials [34] . Thus the application of a thin layer cover above reactive mine tailings could reduce the environmental impact from under water storage of mine waste significantly.
Discussions
The cold climate in the Arctic region makes environmental management of mine waste different from other regions. At present relatively little research has been conducted relating to contamination issues in cold climates and the unique situations that exist in the Polar Regions. Information gaps exist in this area such as bioaccumulation in polar species, toxicity of contaminants to polar species, migration rates of contaminants through permafrost, and the development of risk assessment models [35] .
In the Arctic regions, the unique environmental characteristics need to be considered when planning strategies for minimizing ARD [36] . The low temperatures slow most chemical and biological processes and freezing may restrict the migration of pollutants. However depending on the thermal properties of the ground material and local weather conditions, development of an active layer was observed in several studies in the Arctic which promote the transport of oxygen and release and spread of contaminants to the surrounding environment [36] . More work needs to be done in this area regarding contaminant barrier design, cold-climate bioremediation, and transfer of technologies from other areas etc. [35] .
In addition, the environmental impacts from climate change in the Nordic region are expected to be more drastic than other regions [37] . Climate change has great impact on the process of contaminant transport and concentrating process in the environment [38] . Changes in global climate and the associated environmental changes in the Nordic region are expected to have significant consequences for contaminant pathways. Over the past 50 years, unprecedented rates of change for both temperature and precipitation have been recorded [39] . Increased temperature will affect chemical reaction kinetics. Any step along the transport and redistribution pathways is influenced by climate change because chemical reactivity, adsorption and accumulation are temperature-dependent. With increased flows there will be changes in stream power and sediment loads with the potential to alter the morphology of rivers and the transfer of sediments to lakes [40] . Climate change is expected to alter environmental distribution of contaminants and their bioaccumulation due to changes in transport, partitioning, and bioaccumulation process [41] . Therefore drastic climate change should be considered when we plan a waste management strategy in the Arctic region.
Industrial rest products have shown promising applications in other regions. Few cover applications in the Arctic have shown positive results [42, 43] . However due to the specific environmental conditions in the region such as the extremely low temperature, low precipitation, freeze-thaw cycles, drastic climate change etc., more research needs to be done to investigate the feasibility of using these rest products in mine waste remediation in the Arctic region.
Conclusions
Dry cover and water cover were applied above the mine waste to prevent the formation of acid rock drainage (ARD). Industrial rest products such as green liquor dregs (GLD), sewage sludge, fly ash etc. were proved to be successful as a sealing layer above tailings, which significantly reduced the formation of ARD and leaching of contaminants from the waste. Using a thin layer of industrial rest products an underwater cover above mine waste was shown to be efficient in reducing the negative environmental impact from under water storage of mine waste. This waste could potentially be applied in the Arctic region on mine waste management when adjusting the method according to the specific Arctic conditions.
